Abstract: Effects of lanthanum content on the solidification structure and the hot ductility of Fe-43Ni expansion alloy were investigated, the corresponding mechanisms were also discussed. The results showed that the macrostructures of the alloys were first significantly refined with increasing lanthanum content in the range of 0~0.025 % and then became coarse again with lanthanum content up to 0.04 %. La 2 O 2 S inclusions can serve as the effective inclusions sites promoting the refinement of the macrostructures. The changes of the macrostructures were influenced by the quantity density and the size distribution of La 2 O 2 S inclusions. The addition of 0.01-0.025 % lanthanum can improve the hot ductility over the whole testing temperature range, especially at 1000-1050°C. The improvement of the hot ductility was mainly associated with the grain boundary strengthening and the acceleration of dynamic recrystallization by adding lanthanum. With addition of 0.04 % lanthanum, the hot ductility of the alloy became deteriorated, which was owed to the presence of brittle Fe-Ni-La intermetallic compounds.
Introduction
Fe-43Ni expansion alloy belongs to the precious alloy and consists of an austenite-single phase structure. Due to its steady coefficient of expansion, the alloy is widely applied to leads for electron devices in metal to glass seals, and there is no other suitable substitute material to be found at present. In general, the traditional production process of Fe-43Ni alloy mainly consist of ingot casting, electroslag remelting, but this process features lower yield, higher cost and lower efficiency. More recently, the vertical slab continuous casting technique has been adopted in order to overcome these problems above, but the cast slabs easily crack during the hot rolling process. Based on the slab macrostructure, it can be found that the slab macrostructure is almost coarse columnar grains. It has been reported that the presence of columnar grains can exacerbate the cracking problem [1] [2] [3] . It is accepted generally that grain refinement can provide an optimal combination of both high strength and good ductility without deteriorating toughness [4] . It also has been reported that the addition of microalloyed elements such as Ti, Ca, Zr and rare earth can improve the hot ductility of steel [5] [6] [7] . However, recent investigations on Fe-43Ni alloy were mainly focused on their solidification structure and room temperature tensile properties [8] [9] [10] , and the hot ductility was little documented. In this article, the effect of lanthanum on the solidification structure and hot ductility of Fe-43Ni alloy has been investigated. The refinement mechanism of the solidification structure, improvement mechanism of hot ductility and the relationship of the both are also discussed.
Experimental procedures
The Fe-43Ni expansion alloys with different lanthanum contents were melted in a vacuum induction furnace protected by argon at a temperature of 1550°C and were cast to 6.5 kg ingots, at a pouring temperature of 1460°C. The chemical compositions are shown in Table 1 . Metallographic samples were cut along the transverse section from the upper part of the ingots and the schematic diagram of sampling position is list in Figure 1 . The samples were ground, polished and subsequently chemically etched with a boiling solution consisting of 20 g picric acid, 300 ml C 2 H 5 OH and 10 ml HCl for 3 min to expose the macrostructure. The grain structures of etched samples were observed using the digital camera and determined according to the ASTM standard [11] . The inclusions in the alloys were observed and detected by a combination of the SEM in secondary electron (SEI) mode and the energy dispersive X-ray spectroscopy (EDS).
The ingots were hot forged into wire rods (diameter of 15 mm) with the initial forging temperature of 1200°C and the final forging temperature reaching above 1050°C, and finally air cooled to room temperature. Specimens with dimensions of 10 mm diameter and 120 mm length for hot tensile testing were prepared from the wire rods. The hot tensile test was performed with a Gleeble-3500 thermalmechanical simulator using a constant strain rate of 10 −2 s −1 at 850-1200°C under vacuum conditions. The specimens were first heated to 1300°C with a heating rate of 15°C s −1 and held for 3 min, then cooled with a cooling rate of 5°C s −1 to each testing temperatures with an interval of 50°C, at which they were maintained for 1 min before tensile testing. After rupture, the specimens were immediately quenched by water spraying to maintain the microstructure at the testing temperature. Reduction of area (RA) at different temperatures was measured to evaluate the hot ductility. The fracture surfaces of the tensile specimens were examined using scanning electron microscopy (SEM). The longitudinal sections close to the point of fracture from the tensile specimens were ground, polished and etched with the same method above. The macrostructures of the longitudinal sections were observed by an optical microscope.
Experimental results

Comparison of macrostructures
The macrostructures of the tested cylindrical ingots are shown in Figure 2 . The corresponding relationship of lanthanum contents and characteristic parameters of the macrostructures are shown in Figure 3 . As clearly seen from Figures 2 and 3 , the macrostructures of the tested alloys can be significantly refined with increasing lanthanum content in the range of 0~0.025 %, resulting in the reduction of the average equiaxed grain size and the improvement of the proportion of the equiaxed grains at the transverse cross-section; moreover, the macrostructure has completely changed into the equiaxed grains, especially with the addition of 0.025 % lanthanum. However, when the lanthanum content is up to 0.04 %, the macrostructure has started to become coarse again. Therefore, it can be concluded that the macrostructure of the alloys can be remarkably refined by adding 0.01~0.025 % lanthanum; with 0.04 % lanthanum, the refinement result was worse instead.
Hot ductility evaluation
The ingot of alloy 4 with addition of 0.04 % lanthanum cracked during the hot forged process, and this revealed the fact that the hot ductility of alloy 4 was very poor, as shown in Figure 4 . The RA of alloys 1, 2 and 3 at 850-1200°C is shown in Figure 5 . According to Mintz et al. [12] , the temperature range in which the RA is less than or equal to 60 % is a crack sensitive range, which is called the hot brittle range. In terms of this rule, the alloy 1 has a good hot ductility in the temperature range 1100-1200°C and the RA is above 70 %, which illustrates that the alloy is suitable for hot rolling provided the finish rolling temperature did not fall below 1100°C. However, the RA is less than 50 % and the hot ductility is deteriorated when the temperature is between 850-1050°C. The alloys 2 and 3 both have a good hot ductility in the temperature range 1050-1200°C and the RA is above 70 %, moreover, the hot ductility is still good at 1000°C in alloy 3 rather than alloy 2. Both alloys 2 and 3 have a poor hot ductility at 850-950°C. Therefore, it can be concluded that lanthanum has a beneficial influence on the hot ductility of Fe-43Ni alloy. The addition of 0.01-0.025 % lanthanum can improve the hot ductility over the whole testing temperature range, especially at 1000-1050°C. 
Fracture morphology
The fracture surfaces of the tensile-tested specimens of alloys 1 and 2 at 1000~1100°C obtained by SEM are shown in Figure 6 . At 1000°C, the tensile-tested fracture of alloy 1 exhibits the intergranular brittle fracture, as shown in Figure 6 (a), which agrees with the low ductility values given in Figure 5 ; however, alloy 2 shows a mixture of intergranular and ductile fracture, as shown in Figure 6 (b). This result can indicate that the grain boundary strength of alloy 2 is higher than that of the alloy 1. With temperature increasing to 1050°C, the fracture of the alloy 1 changes to the mixture of intergranular and ductile fracture, as shown in Figure 6 (c), but the alloy 2 exhibits completely ductile fractures with large and deep dimples on the fracture, as shown in Figure  6 (d). At 1100°C, both alloy 1 and alloy 2 show completely ductile fractures, as shown in Figures 6(e) and 6(f).
Analysis and discussion
Grain refinement mechanism
It has been reported that the changes of solidification macrostructures are comprehensively competitive action between the nucleation and growth reactions of columnar and equiaxed grains, which in turn are strongly effected by the effective inclusions [13] . The effective inclusions inducing grains nucleation have a great impact on the solidification structural development, and if the effective inclusions were too few, the refinement of solidification macrostructures would be difficult. Compared with the above experimental results, it can be concluded that lanthanum containing inclusions may serve as the effective inclusions sites promoting the refinement of solidification macrostructures. Therefore, the category, size and quantity of lanthanum containing inclusions has been discussed in the following paragraphs. The morphology and energy spectrum analysis of inclusions in tested samples treated with various lanthanum were analyzed using SEM and EDS. The typical inclusions are shown in Figure 7 . The inclusions in alloy 1 mainly are Al 2 O 3 , the shape of which is irregular and the size is approximate 4 um, as shown in Figure 7 (a). After adding 0.01 % lanthanum, the inclusion in alloy 2 are complete La 2 O 2 S, the shape of which changes into globular, and the size reduces to 2 µm, as shown in Figure 7 (b). When lanthanum content is up to 0.025 %, the inclusions are still La 2 O 2 S, which are finer and spherical, distribute dispersedly, as can be seen in Figure 7 (c). However, with increasing lanthanum content up to 0.04 %, the size of La 2 O 2 S inclusions grows up to 5 µm due to agglomeration of La 2 O 2 S inclusions, and the shape of which becomes irregular again, as can be seen in Figure 7 (d).
According to Turnbull and Vonnegut [14] , the inclusions could serve as the effective inclusions sites promoting the refinement of solidification macrostructures, the two following conditions are necessary: (a) the highmelting point of inclusions is higher than that of the matrix metal, (b) the lattice misfit of low-index surfaces between the inclusions and the matrix metal should be less than 12 %, and the less the lattice misfit, the more effective the inclusions serve as the effective inclusions sites.
The melting point of La 2 O 2 S and the Fe-43Ni alloy are approximate 1940°C and 1400°C respectively, thus it can be concluded that La 2 O 2 S is a high-melting point inclusion. The crystallographic data of La 2 O 2 S and the γ-matrix of Fe-43Ni alloy are shown in Table 2 [15, 16] .
According to Bramfitt [17] , the two-dimensional lattice misfit mathematical model is as follows: Table 3 . It can be seen that two- As mentioned above, the macrostructures of the tested alloys were first refined and then became coarse with increasing lanthanum content. That is because that the changes of the macrostructures relates not only to the category but also to the size and number density of the effective inclusions sites [18, 19] . To find out the quantity density and the size distribution of La 2 O 2 S inclusions in alloys 2, 3 and 4, the samples were mechanically ground, polished, etched and examined using SEM and EDS. The quantity of La 2 O 2 S inclusions in one square millimeter in each sample were calculated, and the results are shown in Figure 8 . It is clear that the quantity density of La 2 O 2 S inclusions in alloy 3 is the largest of all, the quantity density in alloy 2 is between that of alloy 3 and 4, and the quantity density in sample 4 is the lowest.
Furthermore, the size distribution of La 2 O 2 S inclusions in each sample also was counted. The results are shown in Figure 9 . It is clear that the size distribution of La 2 O 2 S inclusions in alloy 2 are close to that in alloy 3, and the size are mainly concentrate on the range of 2~4 µm, but the size of La 2 O 2 S inclusions in alloy 3 is a little smaller than that in alloy 2. As to alloy 4, the size distribution of La 2 O 2 S inclusions are mainly focused on the range of 4~6 µm, which are larger than the two former. It has been reported that the most effective nucleation size for inclusions is about 2 µm during solidification process [20] . Not only the quantity density of La 2 O 2 S inclusions is the largest, but the size distribution of La 2 O 2 S inclusions also is the most appropriate in alloy 3. These statistical results are consistent with the results of microstructures in alloy 2, 3 and 4. Therefore, it can be concluded that the change of the quantity density and the size distribution of La 2 O 2 S inclusions are the main reason for the changes of the macrostructures. 
Improvement mechanism of the hot ductility
The alloys 2 and 3 have a better hot ductility compared to the alloy 1 over the whole testing temperature range, especially at 1000-1050°C. If the high temperature conditions were such that the grain boundaries are strengthened and the movement of them become possible during straining, the hot ductility would be improved [1] . Several structural features of the longitudinal section near the fracture may be responsible for the changes of the hot ductility, as shown in Figure 10 . Figure 10 (a) and (b) show the optical macrostructure of the alloys 1 after fracture at 1050°C and 1100°C, which are the crucial temperatures in the RA curves and represent the demarcation point of hot ductility of alloy 1. At 1050°C, the equiaxed grains keep the original shape and the grain boundary separation is much more conspicuous, with large elongated macrocracks forming along the grain boundaries. These indicate that the grain boundaries are so weak that they separate before the grains experience any deformation, which are also the cause of bad hot ductility at 850-1050°C. However, the optical macrostructure exhibits completely different structure changes at 1100°C, the tip of the fracture are consisted of much finer equiaxed grains, suggesting remarkable evidence of dynamic recrystallization (DRX). It is reported that the occurrence of dynamic recrystallization has a substantial contribution to the high hot ductility [21] . Dynamic recrystallization, (i. e. grain boundary migration) has moved grain boundaries away from the voids and microcracks, led to isolation of microcracks and prevented their coalescence, resulting a good hot ductility above 1050°C [22, 23] . Figure 10 (c) and (d) shows the optical macrostructure of the alloys 2 after fracture at 1000°C and 1050°C. At 1000°C, it can been seen that the grain boundary separation is not obvious, moreover, the grains of the fracture tip are elongated and exhibit a little plastic deformation, illustrating that the grain boundaries are strengthened and produce a little movement compared to alloy 1. At 1050°C, the optical macrostructure of the fracture tip is the same with that in Figure 10 (b) and exhibits complete dynamic recrystallization structure. Figure 10 (e) and (f) show the optical macrostructure of the alloys 3 after fracture at 950°C and 1050°C. At 950°C, the grain boundary separation is also not obvious and the grains of the fracture tip has the elongated tendency. At 1000°C, the optical macrostructure of the fracture tip exhibits complete dynamic recrystallization structure.
In addition, the grains size of the tensile fractures directly represents the grain structure in hot forged condition, thus it can be conclude that the grain structure in hot forged condition can be gradually refined with increasing lanthanum content in the range of 0~0.025 %, which is the consistent with the macrostructures of the tested cylindrical ingots.
According to the experimental analysis above, it can been seen that the onset temperature for dynamic recrystallization is brought forward by 50°C and 100°C in alloys 2 and 3, respectively. Dynamic recrystallization needs thermal activation and initiates almost always at grain boundaries, it would accelerate at high temperatures or in the much finer grained structure condition [24] . The grain sizes of alloy 1, 2 and 3 in hot forged condition are gradually refined with increasing lanthanum content, which provides more initiation location for dynamic recrystallization, therefore, the onset temperature for dynamic recrystallization will be brought forward with the same thermal activation and strain rate during the hot tensile test. In addition, the quantity density of La 2 O 2 S inclusions also gradually increased with increasing lanthanum content which indicate that more La 2 O 2 S inclusions will locate at the boundaries. La 2 O 2 S inclusions are beneficial for the nucleation of favor for the γ-matrix and promote the dynamic recrystallization. Therefore, it can be concluded that the occurrence of dynamic recrystallization result in the improvement of hot ductility in alloy 2 at 1050~1200°C and in alloy 3 at 1000~1200°C.
As mentioned above, the grains of the fracture tip in alloy 2 and 3 are elongated and exhibit a little plastic deformation at no dynamic recrystallization temperature zone. Because the grain sizes of alloy 1, 2 and 3 are gradually refined with increasing lanthanum content, which increases more triple junctions of grain boundaries and the grain boundary densities. During hot tensile process, once the microcrack initiated at the grain boundary, though it may be able to penetrate a little distance into the grains, it would soon meet a new triple junctions of the boundaries and their direction change, moreover the penetration distance in the refiner grains is shorter than that in coarse grains, as shown in the Figure 11 , which will restrict the growth rate of the macrocracks and strengthen the grain boundaries. Lanthanum is easy to segregate at the grain boundaries because the free energy of lanthanum atoms in the intragranular is higher than that at grain boundaries and the segregation of lanthanum at grain boundaries is favorable for the hot ductility. Sulfur is also easy to segregate at the grain boundaries even though with very low content and it is harmful to the hot ductility. The segregation of lanthanum at the grain boundaries decreases the segregation of sulfur at the grain boundaries, thus strengthening the grain boundaries. In addition, La 2 O 2 S inclusions capture part of sulfur in the grains and reduce the segregation of sulfur at the grain boundaries, so as to strengthen the grain boundaries. The strengthened grain boundaries have a more resistant to the grain boundary separation during hot tensile process, so the grains could experience plastic deformation, leading to the improvement of hot ductility.
Deterioration mechanism of the hot ductility
The ingot of alloy 4 with addition of 0.04 % lanthanum cracked during the hot forged process, thus the hot ductility of the ingot was very poor. To find out the cause of deterioration mechanism, the samples from cracked parts were mechanically ground, polished, etched and examined using SEM and EDS. There are Fe-Ni-La intermetallic phases linearly dispersing along grain boundaries, as shown in Figure 12 . It is known that adding appropriate rare earth can purify the molten steel, modify inclusions and improve the hot ductility [25] . However, if the lanthanum content was excessive for the matrix of the alloy, such as adding 0.04 % in this study, redundant lanthanum would segregate at the boundaries and react with Fe and Ni to form Fe-Ni-La intermetallic phases in addition to form La 2 O 2 S inclusions. The Fe-Ni-La intermetallic compound is a brittle phase, which not only weakens the grain boundary binding force, but also hinders the movement of the grain boundaries in the hot forged process, thud leading to the deteriorated hot ductility.
Conclusions
The macrostructures of the Fe-43Ni alloys were significantly refined with increasing lanthanum content in the range of 0~0.025 %. Great amount of fine La 2 O 2 S particles formed, which could serve as serve as the effective inclusions sites promoting the refinement of the macrostructures. With lanthanum content up to 0.04 %, the macrostructures became coarse again for the agglomeration of La 2 O 2 S inclusions. The change of the quantity density and the size distribution of La 2 O 2 S inclusions are the main reason for the changes of the macrostructures. The addition of 0.01-0.025 % lanthanum could improve the hot ductility of the Fe-43Ni alloys over the whole testing temperature range, especially at 1000-1050°C. The grain boundary strengthening and the acceleration of dynamic recrystallization by adding lanthanum were the cause for the improvement of the hot ductility. With addition of 0.04 % lanthanum, brittle Fe-Ni-La intermetallic compounds formed at the boundaries, which led to the deteriorated hot ductility. 
